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Faro, September 2nd, 2015 
 
Dear Editor-in-Chief, 
We are very pleased to send you the manuscript entitled “Application of urea-agarose gel electrophoresis to 
select non-redundant 16S rRNAs for taxonomic studies: palladium(II) removal bacteria” by Ana Assunção, 
Maria Clara Costa and Jorge Dias Carlier, which the authors consider is within the scope of Applied Microbiology 
and Biotechnology Journal and has the merit and quality to be suitable for publication as a research paper. 
Indeed, we are convinced that our results represent an important contribution to researchers aiming to 
characterize bacterial communities by proving the efficiency of a simple fingerprinting method to identify cloned 
16S rRNA genes with similar sequences, avoiding the need to sequence redundant clones. The method was 
applied to characterize the taxonomic groups represented in bacterial communities able to palladium removal. 
This work also contributes with knowledge about suitable partial 16S rRNA gene regions to be used in taxonomic 
studies. 
In addition we think that our results add important information to the field of metals bioremediation. We 
identified bacteria genera tolerant to palladium(II) and with a good growth and activity in the presence of this 
metal. These are good candidates for future works aiming to identify species with strong potential for 
biotechnological applications, such as metals bioremediation and biorecovery (eg. production PdS nanoparticles) 
and for the study of resistance mechanisms. 
The enclosed manuscript or parts of it have not been published and not currently submitted for publication 
elsewhere, nor will be submitted during the review process coordinated by the editorial staff of the journal. 
Furthermore, I confirm that all authors are in agreement with this version of the article for submission. 
We hope to have correctly understood all the instructions for authors. Please feel free to contact me through the 
provided e-mail if you have any further questions. 
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The 16S rRNA gene has been the most commonly used sequence to 
characterize bacterial communities. The classical approach to obtain gene 
sequences to study bacterial diversity implies: cloning amplicons, selecting 
clones and Sanger sequencing cloned fragments. A more recent approach is 
direct sequencing of millions of genes using massive parallel technologies, 
allowing large-scale biodiversity analysis of many samples simultaneously. 
However, currently this technique is still expensive when applied to few 
samples; therefore the classical approach is still used. Recently we found a 
community able to remove 50mg/L Pd(II). In this work, aiming to identify the 
bacteria potentially involved in Pd(II) removal, the separation of urea/heat-
denatured DNA fragments by urea-agarose gel electrophoresis was applied for 
the first time to select 16S rRNA cloned amplicons for taxonomic studies. The 
major raise in the percentage of bacteria belonging to genus Clostridium sensu 
stricto from undetected to 21% and 41%, respectively for cultures without, with 
5mg/L and 50mg/L Pd(II) accompanying Pd(II) removal point to this taxa as a 
potential key agent for the biorecovery of this metal. Despite sulphate-reducing 
bacteria were not detected, the hypothesis of Pd(II) removal by activity of these 
bacteria cannot be ruled out because a slight decrease of sulphate 
concentration of the medium was verified and the formation of PbS precipitates 
seems to occur. This work also contributes with knowledge about suitable 
partial 16S rRNA gene regions for taxonomic studies and shows that 
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unidirectional sequencing is enough when Sanger sequencing cloned 16S 









Molecular biology techniques have been used during the last years to 
characterize bacterial communities. In 1977 Carl Woese, George Fox and 
others proposed the use of ribosomal RNA (rRNA) to determine relationships 
covering the entire spectrum of extant living systems (Woese and Fox, 1977, 
Fox et al, 1977). Subsequently, rRNA genes have been the most commonly 
used sequences in phylogenetic, taxonomic and population studies. Thus, the 
massive work carried out in the last thirty years on DNA sequencing has led to 
the accumulation of information on these sequences for a large number of 
organisms.  
Although different bioinformatics tools have been developed to analyze 
the sequences, the principle of the process is unique and can be summarized 
as follows: highly conserved regions supporting the constancy of the rRNA 
genes complex secondary structure and function are used to ensure positional 
homology in sequence alignments, which in their turn are used, taking 
advantage of the interspersed hypervariable regions, for the attribution of 
taxonomic classifications and for the construction of phylogenetic trees 
supporting evolutionary hypothesis.  
The use of primers for the conserved domains flanking the hypervariable 
regions enables robust specific PCR amplifications of target sequences. Thus, 
the PCR became the preferred approach to obtain rRNA gene sequences to 
analyze natural or cultured populations and, relying on the objectives of the 
studies, the different strategies are mainly distinguished by the target genes and 




































































In general, for bacteria and archaea the 16S rRNA gene encoding the 
16S rRNA small subunit has been the most important target sequence for these 
types of studies (Yarza et al, 2008; 2014). In this case, PCR universal primers 
for the 16S rRNA gene are generally used when the aim is to characterize all 
population (e.g. Weisburg et al, 1991; Baker et al., 2003). When the objective is 
to characterize just a taxonomic group of organisms, specific primers for that 
group have to be designed. For example, specific primers for Sulphate 
Reducing Bacteria (SRB) 16S rRNA genes have already been designed and 
used for phylogenetic, taxonomic and population studies (e.g. Devereux et al, 
1989; Castro et al, 2000; Daly et al, 2000; Karr et al, 2005). Another possibility 
is the use of genes that are only present in the group of organisms to be 
studied. For example, in the case of SRB, the dsr gene, encoding the enzyme 
dissimilatory sulphite reductase (DSR) responsible for the central energy 
conserving step of sulphate respiration (Odom et al, 1984), has proven to be a 
good alternative (e.g. Wagner et al, 1998; Karr et al, 2005).  
The most commonly used strategy in the past (which therefore can be 
considered a classical approach) to obtain a number of DNA sequences to 
study bacterial diversity implies the following several steps: (1) PCR 
amplification of target genes (usually the 16S rRNA gene) or parts of them in a 
sample; (2) cloning the amplicons by insertion in a vector and transformation 
into Escherichia coli (E. coli); (3) selecting a number of transformed colonies; 
(4) multiplying the number of copies of each cloned amplicon by growing E. coli 
pure cultures and purifying the plasmids or by direct PCR and purifying the 
amplicons and (5) finally sequencing the cloned fragments through the Sanger 
method. The negative aspect of this strategy is the time and the cost associated 
to it when the objective is high-depth sampling to detect rare taxa in complex 
natural or cultured populations. 
More recently, with the advent of massive parallel sequencing 
technologies, direct sequencing of millions of 16S rRNA genes became feasible 
in a short time (Liu et al, 2008; Armougom and Raoult, 2009), allowing large 
scale biodiversity analysis capable of revealing rare taxa in complex 
communities (e.g. Sogin et al, 2006; Wilhelm et al, 2014). Moreover, massive 




































































sequencing of many samples per run (e.g. Hamady et al, 2008), being in that 
case the cost per sample relatively low. Nevertheless, currently this technique is 
still expensive when applied to just one or few samples. 
Thus, the classical approach is still applied in studies aiming to 
characterize the main taxa present in only one or in few bacterial communities 
and when the identification of rare taxa is not important. In these cases usually 
a DNA fingerprinting analysis of 16S rRNA gene cloned amplicons is carried out 
to identify different clones, avoiding sequencing similar ones and therefore 
reducing the costs in DNA sequencing. The fingerprinting methods most applied 
for the selection of non-redundant cloned amplicons to characterize bacterial 
communities are: Denaturing- or Temperature- Gradient Gel Electrophoresis 
(DGGE or TGGE) (Fischer and Lerman, 1979; Rosenbaum and Riesner, 1987), 
Single-Stranded Conformation Polymorphism (SSCP) (Orita et al, 1989) and 
Amplified Ribosomal DNA Restriction Analysis (ARDRA) (Dijkshoorn et al, 
1998). For example, Karr and colleagues (2005) to explore the biodiversity of 
SRB in Lake Fryxell located in Antarctica have amplified by PCR the dsr genes 
on water and sediments from this extreme environment and have separated the 
polymorphic products to be cloned and sequenced by DGGE.  
Nevertheless, all these fingerprinting methods referred above have some 
drawbacks. For the DGGE analysis: the gels are made of acrylamide, which has 
carcinogenic effects; making gels with denaturing gradients is difficult and 
requires wide experience in the preparation of acrylamide gels; the amount of 
eluted amplicom in each gel excised band is low and thus usually a PCR 
reamplification is necessary before cloning the fragments to be sequenced, 
which increases the number of amplification errors. For the TGGE, the 
drawbacks are similar to those in DGGE and though the preparation of gels is 
relatively simpler, a special electrophoresis system allowing temperature 
gradients is necessary. The SSCP method also implies simple acrylamide gels, 
however the sensitivity for polymorphisms detection is applicable only in 
products with sizes up to about 300 bp. Regarding the selection of clones by 
ARDRA, the principal disadvantage is that the detection of polymorphisms does 
not cover the entire length of the nucleotide sequences, but is limited to the 




































































Palladium, a Platinum Group Metal (PGM), is a metal with high economic 
value due to the limited global resources and high demand, mainly due to its 
use in catalytic processes (Deplanche et al., 2014). For these reasons it is 
nowadays very important to recover and reuse palladium. Some chemical 
technologies, as electrochemical recover and liquid-liquid extraction, have been 
mentioned as having ability to treat effluents containing PGM. However the 
chemical processes frequently present several disadvantages, such as 
generation of other effluents/wastes/pollutants, high costs   and inefficiency in 
the recovery of PGMs from diluted solutions.  
During the last years several biological processes to recover PGM have 
been tested due to their economic and environmental attractiveness. Some 
pure bacteria cultures have shown ability to remove several metals from 
aqueous solution. For example, Desulfovibrio desulfuricans has been reported 
as Pd(II) reducer at the expense of H2 (Yong et al., 2002; Baxter-Plant et al., 
2003) and Vargas and colleagues (2004) demonstrated that this Sulphate 
Reducing Bacteria (SRB) has more potential for Pd and Pt biosorption than 
Desulfovibrio fructosivorans and Desulfovibrio vulgaris. Shewanella oneidensis 
was also reported with biosoption ability and subsequent Pd(II) bioreduction 
with H2 (De Windt et al., 2005). Cells of Bacillus sphaericus also proved to 
accumulate high amounts of toxic metals, including Pd (Pollmann et al., 2006). 
More recently, De Corte and colleagues (2012) discussed the different bio-Pd 
precipitating microorganisms in which they included all the bacteria mentioned 
above as well as Citrobacter braakii (Hennebel et al., 2011) and Clostridium 
pasteurianum (Chidambaram et al., 2010).  
Our research group reported for the first time a Pd(II)-resistant mixed 
bacterial culture enriched from a sludge sample from a municipal wastewater 
treatment plant (WWTP) able to remove 18mg/L of Pd(II) from an aqueous 
medium and the phylogenetic analyses showed that this culture was mainly 
composed by Clostridium species (Martins et al., 2013). Recently we found a 
new bacteria community, also enriched from a WWTP sludge sample, resistant 
and able to remove even higher concentrations of Pd(II): up to 50 mg/L.  
In this work, aiming to identify bacteria potentially involved in Pd(II) 




































































Pd(II) concentration is increased, the new consortia was grown in the absence 
of Pd(II) and in the presence of 5mg/L and 50mg/L of Pd(II). Then, having only 
three samples, and because the aim was to identify the main groups of bacteria 
that constitute the bulk of the communities and not rare taxa, we characterized 
the bacteria consortia based on 16S rRNA gene sequences selected following 
the above considered classical approach. To that purpose, a new simple and 
sensitive method to detect polymorphisms based on urea-agarose gel 
electrophoresis (Hegedüs et al, 2009) was tested and applied to select 
representative cloned amplicons for Sanger sequencing in order to 
taxonomically classify their origin and thus characterize the major bacterial 
groups in the consortia. Moreover, we compared the taxonomic classifications 
retrieved with sequences from one half side of the 16S rRNA gene with 
classifications obtained with sequences from the other half side of the gene 
obtained by sequencing cloned amplicons with two universal plasmid primers 
flanking the cloning site, to study the feasibility of using only one of the primers 
to reduce sequencing costs.  
 
 
Material and Methods 
 




All assays and the initial bacterial community enrichment were performed 
in batch reactors using glass bottles (120 mL) containing 100 mL of nutrient 
medium with pH adjusted to 7.5 ± 0.2 under anaerobic conditions at room 
temperature (21 ± 1 oC). In order to achieve the anaerobic conditions before 
inoculation the medium was purged with nitrogen gas and after inoculation 
about 10mL of liquid paraffin was added. The bottles were sealed with butyl 
rubber stoppers and aluminium seals and incubated at room temperature. 







































































Source and enrichment of the bacterial community 
 
The bacterial consortium used in the present study was enriched from a 
sludge sample from a wastewater treatment plant, located in Lagos, in southern 
Portugal.  
The medium used for this enrichment was Postgate E (Postgate, 1984) 
without agar and supplemented with resazurin as redox indicator (0.03 g/L). 
Postgate E is a medium developed for SRB, a group of microorganisms known 
to be able to reduce sulphate to sulfide, thus removing metals from aqueous 





The medium used in Pd(II) removal experiments was based on Postgate 
C (Postgate, 1984), which is also a growth medium for SRB, but modified in 
order to maintain Pd(II) soluble. First, a culture was grown in this medium but 
without Pd(II) to acclimatize the bacteria. This culture was prepared using 10% 
(v/v) inoculum harvested from the enrichment by centrifugation at 2500 xg for 
10 min and washed with modified Postgate C medium without Palladium. 
The modified Postgate C medium contained 0.5 g/L KH2PO4, 1 g/L 
NH4Cl, 4.5 g/L Na2SO4, 0.06 g/L CaCl2.6H2O, 1 g/L yeast extract, 0.0072g/L 
FeSO4.7H2O, 0.06 g/L MgSO4·7H2O, 0.3 g/L Tri-sodium citrate dehydrate, 0.1 
g/L NaCl and 6.0 g/L sodium lactate (the difference to the original Postgate C is 
the addition of NaCl and a lower content (0.0032g/L) of FeSO4.7H2O).  
The first experiment with Pd(II) was performed adding 10% (v/v) 
inoculum of the previously acclimatized culture to the modified Postgate C 
medium supplemented with 5 mg/L of Pd(II), as Pd(II) nitrate. The culture grown 
in the presence of 5 mg/L of Pd(II) was then used as inoculum (10% (v/v) for 
another culture in the same conditions but containing a higher concentration of 




































































In order to evaluate the relation between Pd(II) removal and the bacterial 
growth, abiotic assays were made in exactly the same conditions as the 
cultures with Pd(II), but without bacterial inoculum.  
The biotic assays (with bacterial inocula) in growth media with Pd(II) 
were performed with four replicates. The biotic assay without Pd(II) and all 





The Optical Density (OD600) was determined weekly in order to monitor 
the bacterial growth. In addition, aiming to monitor an eventual growth of SRB, 
the oxidation-reduction potential (Eh) and the sulphate concentration were also 
measured weekly. The pH was monitored due to its importance as a limiting 
factor and palladium concentration was determined to evaluate its removal from 
the growth media. 
The samples from batch cultures were collected using a sterile syringe 
and OD600 was immediately measured in each sample. Then, the samples were 
centrifuged at 2500 xg for 5 min and the supernatant was used for the 
remaining analysis. Redox potential (Eh) and pH were determined using a pH/E 
Meter (GLP 21, Crison). Sulphate concentration was quantified by UV-visible 
spectrophotometry (Hach-Lange DR2800 spectrometer) using the method of 
SulfaVer®4 from Hach-Lange. Palladium concentration in the media was 
determined by flame atomic absorption spectroscopy (Flame-AAS) using an 
Analyticjena novAA 350 model spectrometer.  
The precipitates were obtained collecting the samples by centrifugation 
at 2500 xg for 10 min, the pellet was washed with ethanol 70% (stirred and 
centrifuged 2500 xg for 20min, 3 times) and then dried in vacuum (Binder, VDL) 
at 37ºC ± 1ºC. In order to confirm the particles size, morphology and position in 
relation to cells, a Transmission Electron Microscopy (TEM) analysis was made 
using a Hitachi, H8100 model, with a LaB6 filament. This analysis was coupled 








































































Molecular characterization of bacterial communities 
 
DNA extraction, PCR amplification and cloning 16S rRNA gene 
amplicons 
 
At the end of the experiment 5mL samples from the bacterial cultures 
grown in the absence of palladium as well as the bacterial communities 
resistant and with ability to remove 5mg/L and 50mg/L of Pd(II) were 
centrifuged at 2500 xg for 10 min to collected cells and their DNA was extracted 
as described by Martins and colleagues (2009). 
The full-length 16S rRNA gene amplification was carried out using the 
primers 8F (5'- AGA GTT TGA TCC TGG CTC AG -3') and 1492R (5'- GGT 
TAC CTT GTT ACG ACT T -3') (Suzuki et al., 2003) acquired from Thermo 
Scientific. For PCR amplifications the following mixture was used: 31.75 µL of 
sterilized Mili-Q water, 1µL of each primer (10 pmol/µL), 1 µL of dNTP’s (10 
mM), 4 µL of Mg Cl2 (25 mM), 10 µL of 5x GoTaq® buffer (Promega, Madison, 
USA), 0.25 µL of GoTaq® DNA polymerase (Promega, Madison, USA) and 1 
µL of DNA (5 to 50 ng/µL). The PCR amplification was accomplished in a 
thermocycler (Applied Biosystems, 2720 Thermal Cycler) using an initial 
denaturation step of 94oC for 3 min, followed by 35 cycles of 94oC for 1 min, 
57oC for 1 min  and 72oC for 2 min and a final step of 5 min at 72oC. 
The PCR products were analyzed by electrophoresis in 1% (w/v) agarose 
gels in 1x TAE buffer (AMRESCO). The DNA band with the desired size, 
around 1.4 Kb, was excised and the purification was carried out with E.Z.N.A. 
TM Gel Extraction kit (Omega). For cloning, the purified products were ligated 
into the vector pGEM®-T Easy (Promega, Madison, USA) with T4 ligase 
enzyme and transformed into Escherichia coli XL-1 Blue competent host cells, 




































































Thirty two transformed (white) colonies were randomly selected from 
cultures without Pd, with 5 mg/L Pd(II) and with 50 mg/L Pd(II) for subsequent 
taxonomic classifications and consortia characterization. In order to rapidly 
multiply and isolate the cloned products a PCR with vector specific primers SP6 
and T7 was carried out directly from bacteria by touching the colony with a 
pipette tip and submerging it in the reaction mixture. The PCR was carried out 
in a thermocycler with the following conditions: denaturation of 94oC for 3 min, 
followed by 30 cycles of 94oC for 1 min, 55oC for 1 min and 72oC for 2 min and 
a final step of 5 min at 72oC. 
 
 
Screening of cloned amplicons by urea–agarose gel electrophoresis 
 
Urea–agarose gel electrophoresis 
 
The procedure to prepare and run the samples in urea-agarose gel 
electrophoresis was adapted from Hegedüs and colleagues (2009) with minor 
modifications. Before loaded on the gels, samples were urea/heat-denatured. 
For that purpose, 2.5µL of the amplified DNA samples were added to 12.5µL of 
Urea-Loading Buffer [0.5 mg/ml bromephenol blue (Merck), 8M urea, 9% 
glycerol and 1mM Tris pH 8], the mixtures were heated at 90oC for 5 min and 
immediately placed on ice. For the urea-agarose gel electrophoresis, gels of 
1.2% (w/v) agarose were prepared and run in 1x TAE buffer supplemented with 
1M urea. DNA was stained by adding 50µL/L of GreenSafe Premium 
(NZYTech) to gels and the electrophoresis was accomplished with 110 V in a 
refrigerated camera at 4 oC for 4 h. 
 
 
Validation of similar amplicons selection 
 
The efficiency of running urea/heat-denatured 16S rRNA amplicons on 
urea-agarose gels for the identification of similar 16S rRNA sequences was 




































































patterns for their: (1) identity similarities calculated with aligned sequences 
trimmed for quality and cropped to the same size, (2) position on a phylogenetic 
tree and (3) taxonomic classifications. 
 
 
Amplicons purification and Sequencing 
 
PCR products were precipitated with absolute ethanol, washed with 70% 
(v/v) ethanol and resuspended in Mili-Q water. The DNA was quantified using a 
NanoDrop 1000 Spectrophotometer (Thermo Scientific) and Sanger sequenced 
with the primers SP6 and/or T7 using a capillary electrophoresis sequencing 
system (Genetic Analyzer, Applied Biosystems, Model 3130xl). Based on the 
analysis of the chromatograms the obtained sequences were cropped to 
eliminate the beginning and the ending regions with doubtful profiles using the 
program BioEdit Sequence Alignment Editor (Hall, 1999). 
The presence of putative chimera in the amplified gene sequences was 
first verified by us using the web tool DECIPHER 
(http://decipher.cee.wisc.edu/FindChimeras.html) and then by the NCBI 
GenBank Submissions Staff.   
 
 




The RDP Naive Bayesian rRNA Classifier, which showed to be accurate 
down to the genus level for 400 bp partial 16S rRNA sequences (Wang et al, 
2007), was used for taxonomic classifications. Version 2.10, was used online at 
https://rdp.cme.msu.edu/classifier/classifier.jsp with default settings. The RDP 
16S rRNA training set 10 was used and gene copy number adjustments were 
based on copy number data rrnDBv4.2.2 provided by rrnDB website 








































































Ten cloned 16S rRNA gene amplicons from the consortium grown with 5 
mg/L Pd(II) were sequenced with SP6 and T7 vector universal primers flanking 
the cloning site and taxonomic classifications obtained independently with both 
gene parts were compared.  
 
 
Phylogenetic tree construction 
 
The phylogenetic tree was constructed with the 16S rRNA partial gene 
sequences obtained for the consortium grown with 5 mg/L Pd(II) (several 
exhibiting equal gel migration patterns) and a set of 57 16S rRNA reference 
gene sequences.  
The set of 57 reference sequences was previously chosen from a 
database of 7081 complete 16S rRNA sequences (DataSet S2) identified by 
Větrovský and Baldrian (2013) in publicly available complete bacterial genomes. 
The selection was carried out by local BLAST search with BlastStaion (version 
2.0) to characterize a sludge bacterial community enriched from a wastewater 
treatment plant (WWTP) located in Algarve, Portugal (unpublished data), such 
as the initial consortium used in the present work.  
After trimming low-quality ends, the partial sequences of cloned genes 
were oriented towards the 16S rRNA Open Reading Frame (ORF) and aligned 
with the 57 reference sequences using the CLUSTALW Multiple Sequence 
Alignment tool available online at http://www.genome.jp/tools/clustalw/. The 
accuracy of these alignments was confirmed by careful observation using the 
program BioEdit (Hall, 1999). 
The program MEGA, version 6.06, (Tamura et al, 2013) was used to 
choose the best substitution model to infer phylogenetic trees for the aligned 
sequences, with the Maximum Likelihood statistical method and the Neighbour-




































































The phylogenetic trees was built using the identified best model and the 
BIONJ algorithm, an improved version of the NJ (Gascuel, 1997), with PhyML 
3.0 algorithms, methods and utilities (Guindon et al, 2010) in the ATGC South of 
France bioinformatics platform (http://www.atgc-montpellier.fr/phyml/). Reliability 
for internal branching was assessed using 100 bootstrap replicates. 
 
 
Nucleotide sequence accession numbers  
Sequences for cloned 16S rRNA gene amplicons obtained in this study 
have been deposited in NCBI and have GenBank accession numbers 







Bacterial growth  
 
No significant pH variation was observed in both abiotic and biotic assays 
with values very close to neutral (7.0 to 7.3) and, as shown in the graphs 1, 2 
and 3 (Online Resource 1), all the bacteria communities grown in the absence 
of palladium and in the presence of 5 and 50 mg/L of Pd(II) showed fast growth, 
reaching OD600 values above 0.6 after 6 days, and stayed active during the 
experiment, with even higher OD600 values.  
Another evidence of bacterial growth and activity was that despite during 
the experiment the redox potential (Eh) decreased in all assays, the magnitude 
of this decays was clearly different when comparing biotic and abiotic assays. In 
the biotic assays the Eh values decreased drastically from +99, +101 and +199 
mV in the beginning of experiments to -189±10.6, -208±4.0 and -317±6.7 mV at 
the end, respectively for cultures without Pd(II), with 5mg/L Pd(II) and with 
50mg/L Pd(II). In the abiotic controls prepared with media containing 5mg/L 




































































+199 mV to -29±1.4 and -29±11.3 mV at the end. This decrease of Eh in the 
abiotic assays is due to the presence of sodium citrate in the culture medium. 
This reducing agent is used because the chosen culture medium is appropriate 
for SRB and one of the major prerequisites for cultivating these bacteria is that 
the Eh must be negative. Thus, the much more pronounced declines of Eh in the 
biotic tests indicate biological production of one or more reducing agents. That 
could be an indication H2S production by SRB activity, however despite the use 
of a growth medium which composition was based on a medium for SRB, the 
sulphate was not substantially consumed (Online Resource 1 - graphs 1, 2 and 
3), suggesting that SRB were not present or, more probably, were in a minority. 
The highest Eh decrease obtained for the consortium grown with 50mg/L of 




Regarding Pd(II) removal, the community grown with 5mg/L of Pd(II) 
showed ability to remove 91% of this metal after 21 days of incubation (Online 
Resource 1 - graph 2) while bacteria grown in the presence of 50mg/L of Pd(II) 
showed ability to remove 98% of Pd(II) after 28 days (Online Resource 1 - 
graph 3). These good performances for Pd(II) removal can be attributed to the 
growth of the bacterial communities since in the abiotic (negative) controls the 
initial Pd(II) concentrations remained in the medium during all the incubation 
time (Online Resource 2 - graphs 4 and 5).  
The decrease of Pd(II) concentration in the biotic assays was 
accompanied by formation of dark-colored precipitates while in the abiotic 




TEM analysis allowed concluding that the particles composing the 
precipitates are nanoparticles with sizes between 12 and 32 nm distributed in 
agglomerates along the bacterial cells and also individualized and presenting a 




































































The coupled EDS analysis detected the Pd and S elements in the 
particles, which is a strong indication that the particles are effectively palladium 
sulfide (PdS) (Online Resource 3 - picture d).  
Peaks corresponding to the carbon and copper elements were also 
detected in the EDS spectrum (Online Resource 3 - picture d). However, these 
elements are components of the supporting grid and the respective peaks are 
detected in background areas. 
 
 
Molecular characterization of bacterial communities 
 
PCR amplification and cloning 16S rRNA gene amplicons 
 
The agarose gel electrophoresis of PCR products amplified using the 
16S rRNA universal primers 8F and 1492R with DNA extracted from all 
bacterial communities revealed major bright bands with the expected size 
(approximately 1.4 Kb), indicating full-length amplifications of the gene target.  
Afterwards, amplified genes were successfully ligated to plasmid vectors 
which were used to transform E. coli and 32 recombinant (white) colonies from 
each community were selected for further PCR amplifications. True positives 
(generating products of approximately 1.6 Kb) were confirmed by agarose gel 
electrophoresis for 27, 30 and 22 colonies, respectively from the bacterial 
communities grown without, with 5mg/L and with 50mg/L of Pd(II). 
 
 
Screening of cloned amplicons by urea–agarose gel electrophoresis 
 
Aiming to avoid sequencing all cloned products selected for each 
consortium, the simple and sensitive DNA fingerprinting analysis method based 
on urea-agarose gel electrophoresis described by Hegedüs and colleagues 






































































Ureia-agarose gel electrophoresis 
 
The analysis of the cloned 16S rRNA amplicons by urea-agarose gel 
electrophoresis DNA fingerprinting allowed to group clones according to their 
migration patterns. After heat denaturation in the presence of 8M urea, the two 
strands of the cloned 16S rRNA gene fragments migrated differently in the 1M 
urea containing agarose gels in the size range of 0.8 to 1,2 Kb (Fig. 1). The 
different gel migration patterns identified among clones of each bacterial 




Validation of similar amplicons selection 
 
Eighteen cloned 16S rRNA amplicons from the consortium grown with 5 
mg/L Pd(II) were sequenced and the sequences from those exhibiting identical 
urea–agarose gel electrophoresis migration patterns were used to confirm the 
efficiency of running such type of electrophoresis for the identification of similar 
16S rRNA genes. The efficiency was evaluated by comparing: (1) identity 
similarities calculated with aligned sequences trimmed for quality and cropped 
to the same size, (2) position on a phylogenetic tree and (3) taxonomic 
classifications. 
The high identity similarities calculated between sequences of amplicons 
with the same gel pattern type was the first sign to confirm this efficiency. 
Fourteen sequences from eight cloned amplicons with gel pattern type 5Pd-gpt-
2 revealed very high identity similarities (between 99,1 and 100%). Four 
sequences from three cloned amplicons with gel pattern type 5Pd-gpt-3 also 
showed very high similarities (98,9 to 100%). Six sequences from four cloned 
amplicons with gel pattern type 5Pd-gpt-1 still showed high similarities but at a 
lower level (78,8 to 98,9%).  
The taxonomic classifications retrieved with the RDP classifier for 
sequences of the 16S rRNA amplicons with the same gel migration pattern are 




































































urea/heat-denatured 16S rRNA gene amplicons separated by urea-agarose gel 
electrophoresis exhibiting an identical migration pattern were classified in the 
same genus or in related genus belonging to closely related families of the 
same order (Online Resource 4 – Spreadsheet 1). All sequences from 
amplicons with gel pattern types 5Pd-gpt-2 were classified to genus Arcobacter 
and those with gel pattern types 5Pd-gpt-3 were classified to genus 
Parabacteroides with high estimated confidences (>95%). The two amplicons 
with pattern type 5Pd-gpt-1 (excluding other two that were deciphered to be 
chimerical) were classified in the order Clostridiales, with 100% confidence: one 
in the family Clostridiaceae 1, genus Clostridium sensu stricto, with 100% 
confidence, and the other in the family Clostridiaceae 3, genus 
Clostridiisalibacter, with 43% and 32% confidence, respectively. With an 
estimate of confidence of 100%, the classification as Clostridium sensu stricto is 
more likely the correct one. 
The positions of the cloned amplicons on the phylogenetic tree also 
confirm the reliability of identifying similar 16S rRNA amplicons by urea-agarose 
gel electrophoresis. Each group of 16S rRNA amplicon sequences with a 
particular gel migration pattern stayed in a cluster noticeably separated from the 
other groups of 16S rRNA sequences with different gel migration patterns 
(Online Resource 5). In addition, the grouping of sequences obtained in this 
work with the reference sequences confirms the taxonomic classification 
obtained by RDP classifier. Fourteen sequences from 8 amplicons exhibiting gel 
migration pattern type 5Pd-gpt-2 gathered in a cluster, with 95 bootstrap 
strength, together with sequences from species belonging to the order 
Campylobacterales, family Campylobacteraceae (Online Resource 5 – names 
in italic). Six sequences from 4 amplicons with the gel migration pattern type 
5Pd-gpt-1, including 2 deciphered to be chimeric, stayed in a cluster with a 
bootstrap value of 40, together with sequences from specimens of order 
Clostridiales, families Clostridiaceae and Eubacteriaceae (Online Resource 5 – 
names in bold). Five sequences of 4 amplicons with the gel migration pattern 
type 5Pd-gpt-3 grouped, with a bootstrap robustness of 70, with species from 
order Bacteroidales, family Porphyromonadaceae (Online Resource 5 – names 






































































16S rRNA based taxonomy  
 
There are two major aspects of bacterial community studies using 16S 
rRNA gene sequences determining the extent to which these studies are 




Gene regions  
 
The sequences obtained with SP6 and T7 primers (from both sides of the 
vector cloning site) covered different hypervariable regions of the 16S rRNA 
gene according to its orientations in the cloning vector, with sizes between 477 
and 934 bp.  
Looking to the 20 sequences of the 10 cloned 16S rRNA amplicons  
sequenced with both primers SP6 and T7 (clones 5Pd-c- 2, 3, 9, 11, 12, 14, 16, 
18, 19 and 20), it can be seen that: (1) when sequencing was orientated from 
the beginning to the end of the gene, all 10 sequences cover completely the 
hypervariable regions V1, V2, V3 and partially region V4 and (2) when 
sequencing was orientated towards the other side, all 10 sequences cover 
hypervariable region V6 partially and V7, V8, V9 completely (Online Resource 4 
– Spreadsheet 1).   
Looking to taxonomic results achieved with the RDP classifier for these 
20 sequences it can be seen that sequences either covering the first half part of 
the gene or covering the second part of the gene allowed identical taxonomic 
classifications to the last level (genus), except in two cases (clones 5Pd-c-2 and 
5Pd-c-12) for which chimerical sequences were detected (Online Resource 4 – 
Spreadsheet 1). Moreover, the same classification results were obtained when 
using these same 20 sequences trimmed to equal sizes: on one hand to cover 
only hypervariable regions V1 to V3 completely and 10% of V4 and on the other 




































































(data not shown). Seen this, the 16 rRNA amplicons cloned to characterize the 
other 2 bacterial consortia (grown without Pd(II) and with 50 mg/L Pd(II)) were 
sequenced just with the T7 universal primer. 
Among all 42 sequences used in this work to characterize the bacterial 
communities (Online Resource 4 – Spreadsheet 1, 2 and 3) only one didn’t 
cover completely either one or the other of these regions. The exception is the 
sequence of clone 5Pd-c-6, for which a part spanning region V1 and about 9% 
of region V2 was cropped in the quality inspection step. Nevertheless, this 
sequence corresponds to an amplicon from one of the groups of sequenced 
amplicons with identical gel migration patterns and its classification was like the 
others from that group (order Clostridiales, family Clostridiaceae), excluding 





The first thing that stands out when analyzing the composition of 
bacterial communities on cultures without Pd(II), with 5 mg/L Pd(II) and with 50 
mg/L Pd(II) (Table 2) is that the percentage of bacteria belonging to the family 
Clostridiceae 1 augments as the amount of Pd(II) increases: 3.70% to 21.43% 
and to 40.91%, respectively, and that bacteria belonging to genus Clostridium 
sensu stricto is causing this drift, showing strong tolerance to this metal. 
In addition, also showing this tolerance, other groups of bacteria not even 
detected in the cultures without or with 5 mg/L Pd(II) were found in the culture 
with 50 mg/L Pd(II). This applies to genera Hydrogenoanaerobacterium, 
Clostridium XlVa, Alkaliphilus and Solitalea from families Ruminococcaceae, 
Lachnospiraceae, Clostridiaceae 2 and Sphingobacteriaceae, respectively. 
In the opposite direction, some groups of bacteria seem to be affected by 
the presence of Pd(II) in the growth medium: genera Oscillibacter, 
Clostridiisalibacter, Fervidicella, Proteiniphilum, Alkalitalea and Arcticibacter, 
respectively from families Ruminococcaceae, Clostridiaceae 3, Clostridiaceae 
1, Porphyromonadaceae, Marinilabiliaceae and Sphingobacteriaceae, were 




































































50 mg/L Pd(II). The genus Parabacteroides from family Porphyromonadaceae 
also seems to be affected but only by higher concentrations of Pd(II): high 
percentages of bacteria from this taxa were detected in the consortia grown 
without Pd(II) and with only 5 mg/L Pd(II) (25.93% and 39.29%, respectively) 
and they were not detected in the consortium grown with 50 mg/L Pd(II).  
Moreover, interestingly, the genus Arcobacter from family 
Campylobacteraceae is a group that stands for being present in a large 
proportion (35.71%) in the culture with 5 mg/L Pd (II) and not being detected in 





Screening of cloned amplicons by urea–agarose gel electrophoresis  
 
The validation of a strategy based on running urea–agarose gel 
electrophoresis to identify similar cloned 16S rRNA genes and reduce 
redundancy in Sanger sequencing works aiming to characterize bacterial 
communities depends on two questions: are the genes classified as similar by 
their gel migration pattern really similar and, the reverse of this, are the genes 
considered different really different?  
The misclassification of 16S rRNA genes as being similar when in reality 
they are different can have an important impact in terms of communities’ 
characterization because it can lead to not choose to sequence genes of 
specimens with a significant presence in the bacterial community. In this work 
this did not happen. All amplicons that were found to have an equal gel 
migration pattern had very similar sequences that retrieved matching taxonomic 
classifications by the RDP classifier and that stayed in the phylogenetic tree in 
robust clusters separated from amplicons with other gel migration patterns.  
The misclassification of a small number of similar 16S rRNA genes as 
being different does not pose problems because all those considered different 
are sequenced, allowing posterior correction. In this experiment only two 




































































c-16, with gel migration patterns 50Pd-gpt-3 and 50Pd-gpt-6, respectively, were 
both classified in genus Clostridium sensu strict (Online Resource 4 – 
Spreadsheet 2) and (2) the clones noPd-c-14 and noPd-c-28, with gel patterns 
noPd-gpt-4 and noPd-gpt-5, respectively, were classified in genus 
Proteiniphilum (Online Resource 4 – Spreadsheet 3). Probably each of these 
pairs of sequences is from bacteria of the same genus but of different species 
and despite the specie’s sequences polymorphisms were detected in the gel, 
the taxonomic classification has been made just to the genus level. 
Thus, it may be considered that the urea-agarose gel electrophoresis 
DNA fingerprinting proved to be an efficient method to choose similar 16S rRNA 
amplicons and avoid redundancy in taxonomic studies. 
 
 
16S rRNA based taxonomy - Gene regions 
 
Though sequence analysis of the 16S rRNA gene has been widely used 
to perform taxonomic studies, its hypervariable regions exhibit different degrees 
of sequence diversity and no single hypervariable region is able to distinguish 
among all bacteria (Chakravorty et al, 2007). Sequencing the entire 1500bp 16S 
rRNA gene is necessary when describing a new specie or to distinguish 
between certain particular taxa or strains. However, generating smaller 
sequences of about 500bp length is much less expensive and, for example, for 
most clinical bacterial isolates the initial 500bp sequence provides adequate 
differentiation for identification (Clarridge, 2004). Indeed many studies have 
been carried out aiming to discover the most suitable partial 16S rRNA gene 
regions and primers for their amplification by PCR. Some focused on the 
identification of single bacterial species or differentiate among a limited number 
of different species or genus (e.g. Becker et al., 2004; Wilson eta l, 2007), 
others focused on the taxonomic characterization of whole prokaryotic 
communities composition (e.g. Liu et al, 2007; Mori et al, 2014).  
In this paper we give a contribution to knowledge on the subject: gene 
regions suitable for taxonomic studies. For a group of 10 cloned 16S rRNA 




































































were retrieved by RDP classifier with both partial sequences, with sizes 
between 477 and 934 bp, obtained for each of them. Moreover, the same 
taxonomic classifications were obtained with these 20 sequences trimmed to 
cover on one hand only hypervariable regions V1 to V3 and about 10% of V4 
(~600 bp) and on the other hand just about 10% of region V6 and the all extent 
of V7 to V9 (~490 bp). Therefore, our results point out to robust taxonomic 
classifications with either one or the other of these two gene regions.  
This information can be useful when selecting the gene region target to 
be used both in Sanger sequencing as in massive parallel sequencing projects 
for taxonomic studies using 16S rRNA genes. In addition, in respect to the issue 
“costs”, this may have important implications when considering the 
characterization of bacterial communities by Sanger sequencing of cloned 16S 
rRNA genes. In this case, unidirectional sequencing would imply much less 
costs than bidirectional sequencing.   
The massively parallel high throughput sequencing technologies enable 
deep coverage of samples with 16S rRNA short sequencing reads. Thus, lately 
great attention has been given to the development of strategies and methods 
efficient in using such short reads for taxonomic classifications (e.g. Klindworth 
et al, 2013; Mizrahi-Man et al, 2013). For example, the Ribosomal Database 
Project (RDP; http://rdp.cme.msu.edu/), a online platform for high throughput 
rRNA analysis, provides aligned and annotated rRNA gene sequence data, 
along with tools to allow researchers to analyze their own rRNA gene 
sequences (Cole et al, 2014). It includes the tool that was used for taxonomic 
classifications in this work, the RDP Classifier, which rapidly assigns sequences 
into taxa with a bootstrap value as an estimate of confidence for each 
assignment (Wang et al, 2007). The overall accuracy of the RDP Classifier was 
estimated by Wang et al (2007) to be above around 95% down to the Family 
level and above around 90% to the genus level, either for 400bp randomly 
chosen segments or for full length genes (Table 3). In this work, the consistent 
taxonomic classifications obtained with the RDP Classifier for partial sequences 
from the beginning and from the end of the 16S rRNA gene, with sizes around 






































































Communities characterization and palladium(II) bio-removal 
 
Few studies have been focused on PGM recovery using mixed cultures 
and to our knowledge just our group, in this work and in another published in 
2013 by Martins and colleagues, studied the use of resistant-bacterial 
communities instead of pure cultures for remediation of palladium (Table 4). 
The applicability of pure cultures is limited since in an industrial process it is not 
easy to maintain the sterile conditions necessary to prevent external microbial 
contamination. The bacterial performance maintenance for a long time is also a 
problem due to the susceptibility of pure cultures even to small variations in the 
conditions. Therefore, the use of mixed cultures in biological metals removal or 
recovery systems is more realistic for future applications.  
SRB are known to be able to remove metals from wastewaters and have 
been reported to have potential for Pd(II) removal (Yong et al., 2002; Baxter-
Plant et al., 2003; Vargas et al., 2004). Thus, the initial community was enriched 
in a medium that favours the SRB growth (Postgate E). After that the Pd(II) bio-
removal essays were performed in a growth medium which components were 
based on the composition of Postgate C, a medium also specific for SRB, but 
with modifications to guarantee Pd(II) solubility. However, perhaps due to these 
modifications in the growth medium and/or due to the possibility of the sludge 
used in the enrichment not being a good source of SRB, the bacterial 
communities developed during the assays did not show significant sulphate-
reducing activity. The reasons for this will not be discussed here as the focus of 
this paper is not the study of SRB but is the characterization of bacterial 
communities able to remove Pd(II) from aqueous media. 
In the present work a bacterial consortium resistant and with ability to 
remove 98% Pd(II) from media with 50mg/L of this metal was identified, while 
only 60% removal from a culture with 18mg/L of Pd(II) was achieved in the first 
(and so far only) work reporting a mixed bacterial community resistant and able 
to remove this metal. Looking to works with pure cultures, only two cases of 
experiments with Pd(II) concentrations higher than 50 mg/L are found: 88% 




































































Desulfovibrio desulfuricans (Yong et al, 2002; Baxter-Plant et al, 2003) and 99% 
removal was attained with Clostridium pasteurianum BC1 from an initial 
concentration of 100 mg/L (Chidambaram et al, 2010). However, in the former 
case the work was made with resting cells biomass and in the second case the 
palladium reduction was achieved just in one minute after mixing the metal 
solution with the bacterial culture, while in our work the Pd(II) removal occurred 
during the growth of the bacterial community.  
The community grown with 50 mg/L Pd(II) led to 91% removal of this 
metal from the culture medium 21 days after inoculation, and 98% removal after 
28 days. Bacteria from genera Clostridium sensu stricto, 
Hydrogenoanaerobacterium, Clostridium XlVa, Solitalea and Alkaliphilus, 
respectively from families Clostridiceae 1 Ruminococcaceae, Lachnospiraceae, 
Sphingobacteriaceae 2 and Clostridiaceae, were detected in this consortium. In 
a work of this type, carried out with mixed communities of bacteria, is difficult to 
know which of them were responsible for metal removal. However, it is 
important to deepen the knowledge about the composition of bacterial 
communities able to remove metals. Moreover, bacteria tolerant to the metal 
and with a good growth and activity in his presence are strong candidates for 
future works with pure cultures, aiming to identify the specie, or species, which 
are contributing to metal’s removal. 
The most representative bacteria (40,91%) in the consortium grown with 
50 mg/L Pd(II) and whose representation in the community has increased 
dramatically with increasing Pd(II) into the culture medium belongs to the 
Clostridium genus (Table 2), corroborating the idea of its resistance to Pd(II) 
and emphasizing its potential for palladium bio-recovery, as already reported by 
other authors. Pure cultures of a specie from this genus (Clostridium 
pasteurianum BC1) have already been used to reduce Pd(II) ions, being the 
palladium precipitated on the cell wall and in the cytoplasm (Chidambaram, et 
al., 2010). Moreover, colleagues of our research group described a mixed 
bacterial community mostly composed by Clostridium species as resistant to 
and able to remove Pd(II) (Martins et al, 2013) and other colleagues of our 
group have recently reported mixed communities able to remove copper, zinc, 




































































spp. initiated metal bio-removal based on sulfide generation from components 
of the medium (mainly sulphite) but not from sulphate (Alexandrino et al, 2014).   
In our work, the strong indication of PdS precipitates formation despite 
just a slight decrease of sulphate and the growing of a bacterial community 
mostly composed by bacteria belonging to Clostridium genus during the Pd(II) 
removal leaves open the possibility of metal bio-removal by Clostridium spp. 
based on sulfide generation from other then sulphate components. 
Another explanation can be the production of sulfide from sulphate by 
SRB that were in such small percentages in the bacterial communities that were 
not detected in the taxonomic analysis. This would also agree with the formation 
of PdS precipitates and with the slight consumption of sulphate observed when 
looking to values measured at the end of the experiment [around 3 and 16 %, 
respectively for cultures with 5 and 50 mg/L of Pd(II)]. For both these 
concentrations of Pd(II) studied, if the small amounts of sulphate consumed 
were reduced by SRB, stoichiometrically the quantity of sulfide produced would 
have been sufficient to precipitate the all the Pd(II) in the form of PdS. In the 
culture grown with 5 mg/L Pd(II), from the initial 2728 mg/L of sulphate only 71 
mg/L was consumed. In case that it has been reduced by SRB, 24 mg/L of 
sulfide was produced. Stoichiometrically, this makes 15.4 times more sulfide 
than the necessary to convert all the Pd(II) initially present in this assay (5 
mg/L) in PdS precipitates. For the culture with 50 mg/L Pd(II), also assuming 
SRB activity, the 255 mg/L of sulphate consumed (of the initial 1599 mg/L) was 
reduced to 85 mg/L of sulfide. In this case the production of sulfide is 5.6 times 
higher than the necessary to precipitate the Pd(II) initially added to this assay 
(50 mg/L).  
Together, the much more pronounced decrease of the Eh in biotic tests 
than in abiotic tests, which suggests that there was biological production of at 
least one reducing agent, and the strong indication that the precipitates formed 
in the biotic assays are PdS particles, suggest that the reducing agent H2S was 
produced by growing bacteria. This corroborates both pointed hypotheses of 
being Clostridium spp. or SRB the responsible agents for the biological removal 




































































As for the other bacterial genera detected in the consortium grown with 
50 mg/L Pd(II), they are known to be adapted to extreme environments, but it is 
the first time they are referred as palladium resistant. Clostridium XlVa has been 
reported among the most abundant genus occurring in studies regarding 
remediation of Acid Mine Drainage (AMD) (Sánchez-Andrea, 2014), which is 
characterized by being contaminated with high concentrations of metals. 
Concerning Hydrogenoanaerobacterium as metals resistant bacteria, no 
references were found in the literature. Nevertheless, this taxonomic group has 
been identified as butanol- and isobutanol-tolerant bacteria (Kanno et al, 2013). 
Solitalea bacteria present several properties, including anaerobic growth and 
nitrate reduction. These bacteria have been detected in extreme environments 
such as in a denitrification reactor and in saline-alkaline lakes (Zhu et al, 2015; 
Silva 2015). Moreover, solitalea-like bacteria have been described as not being 
influenced by antibiotic (neomycin and streptomycin) treatments (Kopecky et al, 
2014), which is another evidence of their resistance to extreme conditions. The 
Alkaliphilus species usually survive in certain extreme environments. For 
example, the Alkaliphilus transvaalensis are strictly anaerobic and extremely 
alkaliphilic (Kobayashi et al., 2007) and some Alkaliphilus species are 
alkaliphilic metal-reducing bacteria [Fe(III), Cr(VI), Co(III), U(VI) and Se(VI)], as 
Alkaliphilus metalliredigens (QYMF), and have been used in metal reduction 
and biomineralization processes (Roh et al., 2007). Thus, these authors’ results 
together with our results suggest that all these groups of bacteria are resistant 
to various types of extreme environments, which make them interesting as 
targets for the study of resistance mechanisms and eventually for 
biotechnological applications, such as metals bioremediation and biorecovery. 
In the bacterial community grown with 5 mg/L of Pd (II), beyond bacteria 
from the genus Clostridium, the Parabacteroides genus was the predominant, 
followed by the Arcobacter genus. These two bacteria genus were not identified 
before as resistant to Pd(II), thus they are also candidates to be further studied 
as putative efficient Pd(II) removal agents.  
Moreover, the detection of a high percentage (35.71%) of bacteria from 
genus Arcobacter only in the consortium grown with 5mg/L of Pd(II) is very 




































































palladium(II) in the growth medium is more favourable than not having any of 
this metal at all. The research carried out by Fedorovich and colleagues (2009a 
and 2009b) in the development and optimization of a microbial fuel cell (MFC) 
revealed another clue pointing to a favourable use of palladium by some 
Arcobacter. MFC are anaerobic biological systems developed to generate 
electricity in which microorganisms transfer electrons from organic compounds 
to a conductive external electron acceptor provided by an artificial anode 
connected to an electric circuit. From our point of view and given our results, it 
is interesting that an Arcobacter strain (A. butzleri strain ED-1) has been 
selectively enriched specifically associated with the MFC electrode (Fedorovich 
et al 2009a) and that the electrode comprise porous graphite plates coated with 
palladium (Fedorovich et al 2009b). So, the hypothesis that in anaerobic 
conditions the presence of palladium(II) in the medium favours the proliferation 
of some Arcobacter can be proposed. Accepting this hypothesis as true, the 
absence of Arcobacter in the consortium grown with 50 mg/L Pd (II) can be due 





In this work we verified that the simple fingerprinting method of running 
urea/heat-denatured cloned 16S rRNA amplicons on urea–agarose gel 
electrophoresis allows identifying clones with sequences whose similarities lead 
to the same taxonomic classifications, at least to the genus level, and therefore 
proved that it can be used for that purpose instead of the most applied methods 
up to now: DGGE, TGGE, SSCP and ARDRA, which have some drawbacks. 
The method was applied to characterize bacterial communities grown without 
Pd(II), with 5 mg/L Pd(II) and with 50 mg/L Pd(II). 
This work contributes with knowledge about suitable partial 16S rRNA 
gene regions to be used in taxonomic studies and shows that when 
characterizing bacterial communities with cloned 16S rRNA genes, 




































































enough: the same taxonomic classifications were obtained with sequences 
covering only the beginning of the gene (~600 bp) or just the end of it (~490 bp). 
Regarding palladium(II) bio-removal, our results showed that sludge 
samples from wastewater treatment plants can be a good source to collect 
bacterial communities Pd(II)-resistant and efficient to remove Pd(II) from 
aqueous solutions, at least for concentrations up to 50 mg/L. Bacteria genera 
tolerant to this metal and with a good growth and activity in its presence were 
identified. These are good candidates for future works aiming to identify species 
with strong potential for biotechnological applications, such as metals 
bioremediation and biorecovery (eg. production PdS nanoparticles) and for the 
study of resistance mechanisms. 
The major shift observed in the bacterial communities grown in the 
presence of increasing concentrations of Pd(II) and able to remove this metal, 
with a drastic augment in the percentage of bacteria belonging to genus 
Clostridium sensu stricto, corroborates the resistance of this taxa to palladium 
and emphasizes its potential for palladium biorecovery, as already reported by 
other authors. 
Moreover, our results and clues from other works suggest that some 
bacteria from genus Arcobacter might be favoured by the presence of certain 




The authors wish to thank Fundação para a Ciência e a Tecnologia 





Alexandrino M, Costa R, Canário A, Costa MC (2014) Clostridia initiate 
heavy metal bio-removal in mixed sulfidogenic cultures for acid mine drainage 




































































Armougom F, Raoult D (2009) Exploring microbial diversity using 16S 
rRNA high-throughput methods. J Comput Sci Syst Biol 2:74–92. doi: 
10.4172/jcsb.1000019 
Baker GC, Smith JJ, Cowan DA (2003) Review and re-analysis of 
domain-specific 16S primers. J Microbiol Methods 55:541–555. 
doi: 10.1016/j.mimet.2003.08.009 
Baxter-Plant VS, Mikheenko IP, Macaskie LE (2003) Sulphate reducing 
bacteria, palladium and the reductive dehalogenation of chlorinated aromatic 
compounds. Biodegradation 14:83–90. doi: 10.1023/A:1024084611555 
Becker K, Harmsen D, Mellmann A, Meier C, Schumann P, Peters G, 
von Eiff C (2004) Development and evaluation of a quality-controlled ribosomal 
sequence database for 16S ribosomal DNA-based identification of 
Staphylococcus species. J Clin Microbiol 42:4988–4995. 
doi:  10.1128/JCM.42.11.4988-4995.2004  
Castro HF, Williams NH, Ogram A (2000) Phylogeny of sulfate-reducing 
bacteria. FEMS Microbiol Ecol 31:1-9. doi: 10.1111/j.1574-6941.2000.tb00665.x 
Chakravorty S, Helb D, Burday M, Connell N, Alland D (2007) A detailed 
analysis of 16S ribosomal RNA gene segments for the diagnosis of pathogenic 
bacteria. J Microbiol Methods 69: 330–339. doi: 10.1016/j.mimet.2007.02.005 
Chidambaram D, Hennebel T, Taghavi S, Mast J, Boon N, Verstraete W, 
van der Lelie D, Fitts JP (2010) Concomitant microbial generation of palladium 
nanoparticles and hydrogen to immobilize chromate. Environ Sci Technol 




































































Clarridge JE 3rd (2004) Impact of 16S rRNA Gene Sequence Analysis 
for Identification of Bacteria on Clinical Microbiology and Infectious Diseases. 
Clin Microbiol Rev 17:840–862. doi: 10.1128/CMR.17.4.840–862.2004 
Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT, 
Porras-Alfaro A, Kuske CR, Tiedje JM (2014) Ribosomal Database Project: data 
and tools for high throughput rRNA analysis. Nucl Acids Res 42(Database 
issue):D633-D642. doi: 10.1093/nar/gkt1244 
Daly K, Sharp RJ, McCarthy AJ (2000) Development of oligonucleotide 
probes and PCR primers for detecting phylogenetic subgroups of sulfate-
reducing bacteria. Microbiology 146:1693–1705 
De Corte S, Hennebel T, De Gusseme B, VerstraeteWand Boon N 
(2012) Biopalladium: from metal recovery to catalytic applications. J Microbial 
Biotechnol 5:5–17. doi: 10.1111/j.1751-7915.2011.00265.x 
De Windt W, Aelterman P, Verstraete W (2005) Bioreduction deposition 
of palladium(0) nanoparticles on Shewanella oneidensis with catalystic activity 
towards reductive dechlorination of polychlorinated biphenyls. Environ Microbiol 
7:314–325. doi: 10.1111/j.1462-2920.2005.00696.x 
Deplanche K, Bennett JA, Mikheenko IP, Omajali J, Wells AS, Meadows 
RE, Wood J, Macaskie LE (2014) Catalytic activity of biomass-supported Pd 
nanoparticles: Influence of the biological component in catalytic efficacy and 
potential application in ‘green’ synthesis of fine chemicals and pharmaceuticals. 
Appl Catal B 147:651–665. doi: 10.1016/j.apcatb.2013.09.045 
Devereux R, Delaney M, Widdel F, Stahl DA (1989) Natural relationships 




































































Dijkshoorn L, Van Harsselaar BVan, Tjernberg I, Bouvet PJ, 
Vaneechoutte M (1998) Evaluation of amplified ribosomal DNA restriction 
analysis for identification of Acinetobacter genomic species. Syst Appl Microbiol 
21:33–39. doi: 10.1016/S0723-2020(98)80006-4 
Fedorovich V, Knighton MC, Pagaling E, Ward FB, Free A, Goryanin I 
(2009a) Novel electrochemically active bacterium phylogenetically related to 
Arcobacter butzleri, isolated from a microbial fuel cell. Appl Environ Microbiol 
75:7326–7334. doi: 10.1128/AEM.01345-09 
Fedorovich V, Varfolomeev SD, Sizov A, Goryanin I (2009b) 
Multielectrode microbial fuel cell with horizontal liquid flow. Water Sci Technol 
60:347–355. doi: 10.2166/wst.2009.139. 
Fischer SG, Lerman LS (1979) Length-independent separation of DNA 
restriction fragments in two-dimensional gel electrophoresis. Cell 16:191–200. 
doi: http://dx.doi.org/10.1016/0092-8674(79)90200-9 
Fox GE, Magrum LJ, Balch WE, Wolfe RS, Woese CR (1977) 
Classification of methanogenic bacteria by 16S ribosomal RNA characterization. 
Proc Natl Acad Sci USA 74:4537–4541 
Gascuel O (1997) BIONJ: an improved version of the NJ algorithm based 
on a simple model of sequence data. Mol Biol Evol 14:685-695. 
doi: 10.1093/oxfordjournals.molbev.a025808 
Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O 
(2010) New Algorithms and Methods to Estimate Maximum-Likelihood 





































































Hall TA (1999) BioEdit: a user-friendly biological sequence alignment 
editor and analysis program for Windows 95/98/NT.  Nucl Acids Symp Ser 
41:95-98  
Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R (2008) Error-
correcting barcoded primers for pyrosequencing hundreds of samples in 
multiplex. Nat Methods 5:235-237. doi: 10.1038/nmeth.1184 
Hegedüs É, Kókai E, Kotlyar A, Dombrádi V, Szabó G (2009) Separation 
of 1–23-kb complementary DNA strands by urea–agarose gel electrophoresis. 
Nucleic Acids Res 37:e112. doi: 10.1093/nar/gkp539 
Hennebel T, Van Nevel S, Verschuere S, De Corte S, De Gusseme 
B, Cuvelier C, Fitts JP, van der Lelie D, Boon N, Verstraete W (2011) Palladium 
nanoparticles produced by fermentatively cultivated bacteria as catalyst for 
diatrizoate removal with biogenic hydrogen. Appl Environ Microbiol 91:1435-
1445. doi: 10.1007/s00253-011-3329-9 
Kanno M, Katayama T, Tamaki H, Mitani Y, Meng XY, Hori T, Narihiro T, 
Morita N, Hoshino T, Yumoto I, Kimura N, Hanada S, Kamagata Y (2013) 
Isolation of butanol- and isobutanol-tolerant bacteria and physiological 
characterization of their butanol tolerance. Appl Environ Microbiol 79:6998-
7005. doi:  10.1128/AEM.02900-13 
Karr EA, Sattley WM, Rice MR, Jung DO, Madigan MT, and Achenbach 
LA (2005) Diversity and distribution of sulfate-reducing bacteria in permanently 
frozen Lake Fryxell, McMurdo Dry Valleys, Antarctica. Appl Environ Microbiol 
71:6353-6359. doi: 10.1128/AEM.71.10.6353-6359.2005 
Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, 




































































primers for classical and next-generation sequencing-based diversity studies. 
Nucl Acids Res, 41(1):e1. doi: 10.1093/nar/gks808 
Kobayashi T, Lu J, Li Z, Hung VS, Kurata A, Hatada Y, Takai K, Ito S, 
Horikoshi K (2007) Extremely high alkaline protease from a deep-subsurface 
bacterium, Alkaliphilus transvaalensis. Appl Microbiol Biotechnol 75:71–80. doi: 
10.1007/s00253-006-0800-0 
Kopecky J, Nesvorna M, Mareckova-Sagova M, Hubert J (2014) The 
effect of antibiotics on associated bacterial community of stored product mites. 
PLoS One 9:e112919. doi: 10.1371/journal.pone.0112919  
Liu Z, DeSantis TZ, Andersen GL, Knight R (2008) Accurate taxonomy 
assignments from 16S rRNA sequences produced by highly parallel 
pyrosequencers. Nucleic Acids Res 36:e120. doi:  10.1093/nar/gkn491 
Liu Z, Lozupone C, Hamady M, Bushman FD, Knight R (2007) Short 
pyrosequencing reads suffice for accurate microbial community analysis. 
Nucleic Acids Res 35:e120. doi: 10.1093/nar/gkm541 
Martins M, Assunção A, Martins H, Matos AP, Costa MC (2013) 
Palladium recovery as nanoparticles by an anaerobic bacterial community, J 
Chem Tech Biotechnol 88:2039-2044. doi: 10.1002/jctb.4064 
Martins M, Faleiro ML, Barros RJ, Veríssimo AR, Barreiros MA, Costa 
MC (2009ª) Characterization and activity studies of highly heavy metal resistant 
sulphate-reducing bacteria to be used in acid mine drainage treatment. J 
Hazard Mater 166:706-713. doi: 10.1016/j.jhazmat.2008.11.088 
Martins M, Faleiro ML, Barros RJ, Veríssimo AR, Costa MC (2009b) 
Biological sulphate reduction using food industry wastes as carbon sources. 




































































Mizrahi-Man O, Davenport ER, Gilad Y (2013) Taxonomic Classification 
of Bacterial 16S rRNA Genes Using Short Sequencing Reads: Evaluation of 
Effective Study Designs. PLoS ONE 8(1):e53608. doi: 
10.1371/journal.pone.0053608 
Mori H, Maruyama F, Kato H, Toyoda A, Dozono A, Ohtsubo Y, Nagata 
Y, Fujiyama A, Tsuda M, Kurokawa K (2014) Design and experimental 
application of a novel non-degenerate universal primer set that amplifies 
prokaryotic 16S rRNA genes with a low possibility to amplify eukaryotic rRNA 
genes. DNA Res 21:217-227. doi: 10.1093/dnares/dst052 
Odom JM, Peck HD Jr. 1984. Hydrogenase, electron transfer proteins, 
and energy coupling in the sulfate-reducing bacteria Desulfovibrio. Annu Rev 
Microbiol 38:551–592. doi: 10.1146/annurev.mi.38.100184.003003 
Orita M, Iwahana H, Kanazawa H, Hayashi K, Sekiya T (1989) Detection 
of polymorphisms of human DNA by gel electrophoresis as single-strand 
conformation polymorphisms. Proc Natl Acad Sci USA 86:2766–2770 
Pollmann K, Raff J, Merroun M, Fahmy K, Selenska-Pobell S (2006) 
Metal binding by bacteria from uranium mining waste piles and its technological 
applications. Biotechnol Adv 24:58–68. doi: 10.1016/j.biotechadv.2005.06.002 
Postgate JR (1984) The Sulfate-Reducing Bacteria. 2nd ed. Cambridge 
University Press, Cambridge 
Roh Y, Chon CM, Moon JW (2007) Metal reduction and biomineralization 
by an alkaliphilic metal-reducing bacterium, Alkaliphilus metalliredigens. J 
Geosci 11(4):415–423. doi: 10.1007/BF02857056 
Rosenbaum V, Riesner D (1987) Temperature-gradient gel 




































































form and in cellular extracts. Biophys Chem 26:235–246. doi: 10.1016/0301-
4622(87)80026-1 
Sánchez-Andrea I, Sanz JL, Bijmans MFM, Stams AJM (2014) Sulfate 
reduction at low pH to remediate acid mine drainage. J Hazard Mater 269:98–
109. doi: 10.1016/j.jhazmat.2013.12.032 
Silva GM (2015) Taxonomical and functional diversity of microbial 
communities in saline-alkaline lakes from Brazilian Pantanal. Masters 
dissertation. Escola Superior de Agricultura Luiz de Queiroz, Universidade de 
São Paulo, Brasil. (http://www.teses.usp.br/teses/disponiveis/11/11138/tde-
29042015-151009/, 2015-07-17) 
Sogin ML, Morrison HG, Huber JA, Mark Welch D, Huse SM, Neal PR, 
Arrieta JM, Herndl GJ (2006) Microbial diversity in the deep sea and the 
underexplored ‘rare biosphere’. Proc Natl Acad Sci USA 103:12115–12120. doi: 
10.1073/pnas.0605127103 
Stoddard SF, Smith BJ, Hein R, Roller BRK, Schmidt TM (2015) rrnDB: 
improved tools for interpreting rRNA gene abundance in bacteria and archaea 
and a new foundation for future development. Nucleic Acids Res 2014. doi: 
10.1093/nar/gku1201 
Suzuki Y, Kelly SD, Kemner KM, Banfield JF (2003) Microbial 
populations stimulated for hexavalent uranium reduction in uranium mine 
sediment. Appl Environ Microbiol 69:1337–1346. doi: 10.1128/AEM.69.3.1337-
1346.2003 
Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6: 
Molecular Evolutionary Genetics Analysis Version 6.0. Mol Biol Evol 30:2725-




































































Vargas I, Macaskie LE, Guibal E (2004) Biosorption of palladium and 
platinum by sulfate-reducing bacteria. J Chem Technol Biotechnol 79:49–56. 
doi: 10.1002/jctb.928 
Větrovský T, Baldrian P (2013) The Variability of the 16S rRNA Gene in 
Bacterial Genomes and Its Consequences for Bacterial Community Analyses. 
PLoS ONE 8:e57923. doi: 10.1371/journal.pone.0057923 
Wagner M, Roger AJ, Flax JL, Brusseau GA, Stahl DA (1998) Phylogeny 
of dissimilatory sulfite reductases supports an early origin of sulfate respiration. 
J Bacteriol 180:2975-2982 
Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive Bayesian 
classifier for rapid assignment of rRNA sequences into the new bacterial 
taxonomy. Appl Environ Microbiol 73:5261–5267. doi: 10.1128/AEM.00062-07 
Weisburg WG, Barns SM, Pelletier DA, Lane DJ (1991) 16S ribosomal 
DNA amplification for phylogenetic study. J Bacteriol 173:697-703  
Wilhelm L, Besemer K, Fasching C, Urich T, Singer GA, Quince C, Battin 
TJ (2014) Rare but active taxa contribute to community dynamics of benthic 
biofilms in glacier-fed streams. Environ Microbiol 16:2514-2524. doi: 
10.1111/1462-2920.12392 
Wilson DA, Reischl U, Hall GS, Procop GW (2007) Use of Partial 16S 
rRNA Gene Sequencing for Identification of Legionella pneumophila and Non-
pneumophila Legionella spp. J Clin Microbiol 45:257–258. doi: 
10.1128/JCM.01552-06 
Woese CR, Fox G (1977) Phylogenetic structure of the prokaryotic 





































































Yarza P, Richter M, Peplies J, Euzeby J, Amann R, Schleifer KH, Ludwig 
W, Glockner FO, Rossello-Mora R (2008) The All-Species Living Tree Project: a 
16S rRNA-based phylogenetic tree of all sequenced type strains. Syst Appl 
Microbiol 31:241–250. doi: 10.1016/j.syapm.2008.07.001 
Yarza P, Yilmaz P, Pruesse E, Glöckner FO, Ludwig W, Schleifer KH, 
Whitman WB, Euzeby J, Amann R, Rossello-Mora R (2014) Uniting the 
classification of cultured and uncultured bacteria and archaea using 16S rRNA 
gene sequences. Nat Rev Microbiol 12:635-645. doi: 10.1038/nrmicro3330 
Yong P, Farr JPG, Harris IR, Macaskie LE (2002) Palladium recovery by 
immobilized cells of Desulfovibrio desulfuricans using hydrogen as the electron 
donor in a novel electrobioreactor. Biotechnol Lett 24:205–212. doi: 
10.1023/A:1014141610562 
Zhu T, Zhang Y, Quan X, Li H (2015) Effects of an electric field and iron 
electrode on anaerobic denitrification at low C/N ratios. Chem Eng J 266:241–





Fig.1 – Migration patterns of seventeen 16S rRNA cloned amplicons from the 
culture grown with 5mg/L Pd(II) after urea/heat-denaturation and urea-agarose 
gel electrophoresis at 110 V during 4 h at 4oC. DNA was stained by adding 
50µL/L of GreenSafe Premium (NZYTech) to gels and exposure to UV light. Gel 
pattern type 1: 2, 6, 14, 15; gel pattern type 2: 1, 3, 8, 9, 11, 16, 18, 19; gel 





































































Table 1 - Different 16S rRNA gene urea-agarose gel electrophoresis migration 
(fingerprinting) patterns and numbers of clones exhibiting them for each 
consortium 
 
Table 2 - Percentages of clones per taxa Order, Family and Genus for each 
bacterial community. Classifications retrieved by RDP classifier for 16S rRNA 
gene cloned amplicons representatives of each pattern type on urea-agarose 
gels after urea/heat-denaturation (Online Resource 4 – Spreadsheets 1, 2 and 
3) 
 
Table 3 - Overall classification accuracy (percentages of tests correctly 
classified) of the RDP Classifier for 16S rRNA gene sequences [adapted from 
Wang et al (2007)] 
 
Table 4 - Resume of Pd(II) removal studies reported in literature 
 
Online Resource 1 – Evolution of palladium(II) concentration, performance of 
bacterial growth monitored by Optical Density (OD) and SRB activity monitored 
by sulfate concentration  in cultures grown in modified Postgate C medium: 
without palladium(II), with 5 mg/L palladium(II) and with 50 mg/L palladium(II) 
 
Online Resource 2 – Evolution of palladium(II) concentration, Optical Density 
(OD) and sulfate concentration as a function of time on the abiotic controls in 
medium with 5 mg/L palladium(II) and in medium with 50 mg/L palladium(II)  
 
Online Resource 3 – TEM of a bacterial cell with precipitates from a culture 
grown in modified Postgate C medium with 50 mg/L palladium(II), without 





































































Online Resource 4 – Order, Family and Genus taxonomic classifications 
retrieved by RDP classifier for the 16S rRNA gene sequences obtained for 
communities grown: with 5 mg/L palladium(II), with 50 mg/L palladium(II) and 
without palladium(II) 
 
Online Resource 5 – Phylogenetic tree constructed with the 16S rRNA partial 
gene sequences obtained for the consortium grown with 5 mg/L Pd and a set of 
57 16S rRNA reference sequences, using the BIONJ algorithm with PhyML 3.0 
algorithms, methods and utilities (Guindon et al, 2010). The GTR substitution 
model was used with a proportion of invariable sites of 0.29 and a gamma 
distribution parameter of 0.73. Reliability for internal branching was assessed 
using 100 bootstrap replicates. Bootstrap values are on the left side of 


































































Tables with Captions 
 
 
Table 1 - Different 16S rRNA gene urea-agarose gel 
electrophoresis migration (fingerprinting) patterns 
and numbers of clones exhibiting them for each 
consortium 
Consortium 
Nº of white 
colonies 
tested 

















Grown  with  




















Table 2 - Percentages of clones per taxa Order, Family and Genus for each bacterial community. Classifications 
retrieved by RDP classifier for 16S rRNA gene cloned amplicons representatives of each pattern type on urea-
agarose gels after urea/heat-denaturation (Online Resource 4 - – Spreadsheets 1, 2 and 3) 












Clostridiaceae 3 7,41 Clostridiisalibacter 7,41 
  
 
Clostridiaceae 1 3,70 Fervidicella 3,70 







Marinilabiliaceae 3,70 Alkalitalea 3,70 
Sphingobacteriales 18,52 Sphingobacteriaceae 18,52 Arcticibacter 18,52 
With 5 mg/L Pd(II) 
  
Bacteroidales 39,29 Porphyromonadaceae 39,29 Parabacteroides 39,29 
28 
  
Campylobacterales 35,71 Campylobacteraceae 35,71 Arcobacter 35,71 
Clostridiales 21,43 Clostridiaceae 1 21,43 Clostridium sensu stricto 21,43 
Spirochaetales 3,57 Spirochaetaceae 3,57 Sphaerochaeta 3,57 
With 50 mg/L Pd(II) 
  




Ruminococcaceae 22,73 Hydrogenoanaerobacterium 22,73 
  
Lachnospiraceae 18,18 Clostridium XlVa 18,18 
    Clostridiaceae 2 4,55 Alkaliphilus 4,55 
Sphingobacteriales 13,60 Sphingobacteriaceae 13,64 Solitalea 13,64 
* Clones with sequences deciphered to be chimeric and classified with confidences lower than 90% for the genus level were not considered. 
 
 
Table 3 - Overall classification accuracy (percentages of tests correctly 
classified) of the RDP Classifier for 16S rRNA gene sequences 
[adapted from Wang et al (2007)] 
Sequence length Order Family Genus 
Full 97,9 95,1 91,4 




Tabela 4 - Resume of Pd(II) removal studies reported in literature 












Clostridium species (in 
maijority) and genera 
Bacteroides and 
Citrobacter (also present) 
18 60 
Presence of live cells (Pd-
resistant and able to 
remove) 




Pd(II) reducer at the 
expense of H2 
Yong et al., 2002 









precipitation on S. 
oneidensis MR-1 biomass 






precipitation on S. 
oneidensis MR-1 biomass 
De Corte et al., 
2012 
Citrobacter braakii 50 38.4 
Pd associated with the 
biomass of fermentative 
bacteria 
Hennebel et al., 
2011 
E. coli 50 n.a. 
Pd(II) reduction 
mechanism of E. coli was 
attributed to three different 
[NiFe] hydrogenases 




2, 20, 50, 
and 100 
99 
Reduce Pd(II) ions to form 
Pd nanoparticles (bio-Pd) 
that primarily recipitated on 




n.a. - means not applied.     
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